Physicians face pressure to improve clinical efficiency, particularly with electronic health record (EHR) adoption and gradual shifts toward value-based reimbursement models. These pressures are especially pronounced in academic medical centers, where delivery of care must be balanced with medical education. However, the association of the presence of trainees with clinical efficiency in outpatient ophthalmology clinics is not known.
P hysicians are being pressured to treat more patients in less time owing to ongoing concerns about the cost and accessibility of health care. [1] [2] [3] At the same time, physicians are concerned that the widespread adoption of electronic health records (EHRs) has adversely affected their clinical efficiency. [4] [5] [6] For example, at Oregon Health & Science University (OHSU), Portland, which successfully adopted an institution-wide EHR in 2006, ophthalmologists saw 3% fewer patients after adoption and spent more than 40% more time per appointment. 7 Furthermore, with a gradual shift toward value-based reimbursement models that measure the quality and cost of health care delivery, clinical efficiency is an increasing concern for physicians who work in outpatient settings. 3, [8] [9] [10] The challenge of improving clinical efficiency is particularly pronounced in academic medical centers, where delivery of care must be balanced with providing education. However, few studies have examined the association of graduate medical education with clinical efficiency and outpatient clinic workflow. Published studies have been limited in size and have had conflicting findings. For example, 2 studies 11, 12 found that the presence of trainees was associated with improved clinical efficiency by shortening patient wait times, whereas another study 13 found that trainees were associated with lengthened patient wait times and overall appointment times. This issue has implications for clinical efficiency and physician reimbursement models, particularly in academic medical centers.
To address this gap in knowledge, this study examines the association of the presence of trainees with appointment time in outpatient ophthalmology clinics at an academic medical center. Using 1 year of data from 33 faculty physicians involved with 40 trainees, we examined the association of the presence of trainees with appointment times on a larger scale, to our knowledge, than other previous studies. Because ophthalmology is a high-volume outpatient specialty with medical and surgical elements, we believe it is a good study domain from which to draw conclusions that can generalize to other fields.
Methods

Study Setting
Casey Eye Institute is the Department of Ophthalmology at OHSU, an academic medical center in Portland, and includes more than 50 faculty clinicians who perform more than 115 000 outpatient examinations annually. The department provides primary eye care and serves as a major tertiary referral center in the Pacific Northwest and nationally. The department typically has 15 residents and 10 fellows per academic year. This study was approved by the institutional review board at OHSU, which waived the need for informed consent for this review of EHRs.
An institutionwide EHR system (EpicCare; Epic Systems) has been implemented throughout OHSU. This vendor develops software for midsize and large medical practices and is a market share leader among large hospitals. All ophthalmologists at OHSU have been using this EHR since 2006. All ambulatory practice management, clinical documentation, order entry, medication prescribing, and billing tasks are performed using components of the EHR.
Appointment Data Set
For this study, we used data from appointments with attending faculty physicians in ophthalmology from January 1 through December 31, 2014. We defined trainees as residents or clinical fellows in ophthalmology. We included appointments for only a set of faculty physicians who worked at OHSU for at least 6 months before and after the study period and had appointments with and without trainees. These inclusion criteria were intended to minimize bias from physicians with increasing or decreasing clinical practices or from those who worked exclusively with or without trainees. Physicians who did not use the EHR or who had fewer than 3 appointments with trainees during the study period were excluded. Demographics for study physicians and trainees (sex, age, and ophthalmic subspecialty) were gathered using publicly available data sources.
For each of the study physicians' clinical appointments, we determined the length of appointment time, presence or absence of a trainee, and billing level of the appointment by querying OHSU's clinical data warehouse. 7 We calculated the length of appointment time by subtracting the encounter check-in time from the checkout time. We determined the trainee presence based on a method validated in a previous study using audit log entries 14 : a trainee was considered to be present during an appointment if they used the EHR for that patient for more than 2 minutes during that patient's appointment. This cutoff was chosen to account for appointments in which trainees briefly checked the EHR for that patient but were not truly involved in the appointment. To validate this cutoff method, we examined 50 appointments and found that this method had 97% specificity and 100% sensitivity for identifying appointments in which trainees were involved compared with manual medical record review. Sessions with trainees were defined as clinic sessions in which at least 1 appointment had trainees present. Appointments were excluded if they were missing a check-in or checkout time, if
Key Points
Question What is the association between the presence of trainees and appointment time in outpatient ophthalmology clinics?
Findings In this single-center cohort study of 49 448 outpatient ophthalmology appointments by 33 attending physicians, appointments with residents and fellows were 32% and 30% longer, respectively, than appointments without trainees. The presence of a trainee in a clinic session was associated with longer mean appointment times, even in appointments in which the trainee was not present.
Meaning Academic medical centers face potential challenges in maintaining clinical efficiency and medical education, particularly in emerging value-based reimbursement models.
multiple trainees were present, or if a nonphysician student used the EHR during the appointment.
To account for the possibility that trainees may tend to examine more complex patients on average in the study analysis, we assigned a billing level category to each appointment with the rationale that this category is a proxy for patient complexity. 15 With input from the OHSU ophthalmology billing manager, we grouped billing codes into the following 3 levels: low (levels 1-2 office visits, preoperative and postoperative appointments, brief or intermediate cosmetic evaluations, vision examinations, and special procedures), medium (level 3 office visits, comprehensive cosmetic evaluations, intermediate or established comprehensive eye examinations, and refractive surgery consults), or high (levels 4-5 office visits, examinations that include treatment, and new comprehensive examinations).
Statistical Analysis
The mean (SD) lengths of appointment times with vs without trainees present were compared using the unpaired 2-tailed Welch t test. To address the possibility that summary statistics alone may be misleading in a diverse and longitudinal data set, we used linear mixed models to account for each physician's and patient's variability. 16 In the model, appointment time was the response, presence of trainees was the fixed effect, and patients and physicians were the random effects. After confirming a significant interaction between presence of trainees and patient billing level with a type II Wald χ 2 test (P < .001), the model was run a second time with patient billing level as a fixed interacting term to account for appointment complexity. P values were obtained through multiple comparisons and the Holm-Bonferroni method. For unadjusted P values from the Welch t tests and adjusted P values from multiple comparisons, significance was defined as P < .05. All data processing and statistical calculations were conducted in R software (version 3.3.1), 17 models
were constructed using lme4 (version 1.1-12), 18 and P values were calculated using the glht function from the multcomp package (version 1.4-6).
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Results
Appointment Data Set
Data regarding the 33 study physicians are shown in Table 1 .
The median age was 44 years (interquartile range [IQR], 39-53 years); 13 (39%) were women, and 20 (61%) were men. Twelve ophthalmic subspecialties were represented, with the largest numbers of physician specialties in glaucoma, pediatrics, and retina (4 each). During the study period, 20 residents and 20 fellows were present. The 33 study physicians had 60 117 appointments, of which 10 475 (17.4%) were excluded. Among the remaining 49 448 appointments that met inclusion criteria, 11 934 (24.1%) involved a trainee directly. Appointments included 14 554 high, 19 977 medium, and 14 917 low billing levels. These appointments occurred during 5861 half-day clinic sessions, 2311 (39.4%) of which were sessions with trainees ( Table 2) .
Association of the Presence of Trainees and Appointment Length
Sessions were divided into those with vs without trainees. 
Differences Among Physicians
Part A of the . Three physicians (9%) had shorter mean appointment times when a trainee was present in the appointment, 1 (3%) had no change, and 29 (88%) had longer mean appointment times when a trainee was present. 
Linear Mixed Model Analysis
To account for the variability among physicians, we used a linear mixed model to quantitatively represent the association of the presence of trainees with appointment time ( Table 4) . According to this model, the presence of a fellow was associated with a lengthening of appointment time of 13.5 minutes (95% CI, 12.3-14.8 minutes; P < .001), and the presence of a resident was associated with a lengthening of appointment time of 17.0 minutes (95% CI, 15.6-18.5 minutes; P < .001). Across all billing levels, the presence of trainees in an appointment was associated with a significant lengthening of mean appointment time, ranging from 7.6 minutes for low billing level appointments with fellows (95% CI, 5.5-9.7 minutes; P < .001) to 17.2 minutes for high billing level appointments with residents (95% CI, 15.0-19.3 minutes; P < .001).
We also considered the association of the presence of trainees with every appointment in a half-day clinic session even those without a trainee present. Although we found a difference in the mean times of appointments without trainees and the control appointments (Table 3) , only medium billing level appointments without trainees were associated with lengthened appointment times in the linear mixed model (2.6 minutes; 95% CI, 1.1-4.0 minutes; P < .001). In contrast, appointments with low billing levels without trainees present were associated with a shortened appointment time (−1.9 minutes; 95% CI, −3.6 to −0.2 minutes; P = .03).
Discussion
In this study, we used EHR time stamps to conduct, to our knowledge, the first large-scale study quantifying the association of the presence of trainees with outpatient ophthalmology clinic efficiency. Three key study findings are (1) the presence of trainees during an appointment was associated with a significant lengthening of appointment time, (2) the association of trainees with appointment time varied among different physicians, and (3) the presence of trainees during a clinic session may be associated with longer appointment times even for appointments in which the trainee was not involved.
The first key finding is that presence of trainees was associated with longer appointment times. As demonstrated in Table 3 , appointments with residents were 32% longer, and appointments with fellows were 30% longer compared with appointments without trainees (in clinic sessions without trainees). Perhaps unexpectedly, the association of fellows with appointment time was not considerably different than that of residents; however, this study was not designed to explain this difference.
One explanation for this increase in appointment time is that the presence of trainees adds a step to office workflow. We analyzed a reduced set of 5 study physicians in detail to examine how trainees were incorporated into clinical workflow (ie, as a replacement for clinical staff, such as technicians or nurses, vs as an additional step). Appointments involving a trainee and clinical staff (n = 2278) were significantly longer than those involving only clinical staff (n = 10 166) (98.8 vs 83.4 minutes; P < .001). In contrast, appointments involving only trainees without clinical staff were less common (n = 179) but were not significantly different in length (83.8 vs 83.4 minutes). Another possibility is that trainees' appointments are longer because they see more complex patients to further their education. However, our analysis demonstrated that trainee involvement was associated with longer appointment times across all billing levels (Table 4 ). This finding suggests that lengthening of appointment times at the study institution is in part attributable to trainees adding steps to the clinic workflow, although another factor is that attending physicians take additional time to teach trainees. The Accreditation Council for Graduate Medical Education states that physician education must be "experiential" and "necessarily occurs within the context of the health care delivery system," 20 implying that the premise of graduate medical training is based on additional steps involving trainees and thereby longer patient appointment times. Previous studies have examined the effect of trainees on outpatient clinics, but they are limited and smaller in scale. Two studies, 11, 13 published in 1988 and 1991, had conflicting results; both found that trainees were associated with increased consultation times but had differing results with respect to patient wait times. A more recent study 12 used simulation models to study the effect of trainees on a private practice as the practice transformed into an academic medical center. The simulations predicted that using trainees would reduce the attending physician's time with the patient, resulting in shorter overall appointment times, wait times, and clinic session lengths. However, no measured results were reported that supported that prediction. We believe that the large-scale retrospective data of the present study provide a more accurate picture of the association of trainees with length of appointment time, suggesting trainees are associated with decreased clinical efficiency.
The second key finding is that the association of trainees with appointment times varied among different physicians. Although most physicians' appointments with trainees were longer than those without trainees, 3 physicians had shorter appointments with trainees (Figure, B) . Additional regression analysis showed that these differences could not be explained by physician subspecialty or mean appointment length. This analysis suggests that how physicians use and teach trainees may change the association of trainees with appointment lengths. Many models are available for incorporating training in academic centers, and we would expect different models differ in efficiency. 21 For example, 1 study 22 showed that discussion of patient cases before the start of clinics resulted in shorter patient wait times, appointment times, and clinic session lengths. Our study was not designed to assess effectiveness of teaching, and future studies examining differences among physicians and educational models may be warranted. The third key finding is that presence of trainees during a clinic session may be associated with longer times for all appointments even those in which the trainee was not involved. Appointments without trainees from sessions with trainees were a mean of 6.9 minutes longer than control appointments (Table 3) . One explanation for this finding is the theory of constraints, by which systems are often limited by a single bottleneck that determines overall efficiency. 23 As has been stated by others, 22,24 the bottleneck in an academic clinic is the physician, who must examine or review every patient before the appointment is over. If trainees affect the speed of the physician's examination because of educational activities or if trainees delay the time at which the physician can examine the patient, their presence will affect the system as a whole. Of note, linear mixed modeling of the association of trainees with all appointments in a session demonstrated that only medium billing level appointments without trainees in sessions with trainees were significantly longer (2.6 minutes) than control appointments, and low billing level appointments without trainees in sessions with trainees were significantly shorter than control appointments (−1.9 minutes). These differences might be explained by increased patient wait times owing to other long appointments with trainees, decreased patient wait times owing to prioritizing appointments without trainees, or decreased physician time in appointments without trainees to keep the clinic on time. Longer patient wait times have been shown to be associated with other aspects of patient care, such as patient satisfaction and likelihood of follow-up. 25, 26 Although future research is needed to thoroughly investigate these differences, our study suggests that most patients in a clinic session with trainees are affected regardless of whether they are seen by a trainee.
Limitations
Several study limitations should be noted. First, this study involved a single department at 1 academic institution. Ophthalmology is a high-volume outpatient specialty with surgical and medical components and shares fundamental characteristics with other academic outpatient clinics, such as presence of physicians, ancillary staff, and trainees and adherence to Accreditation Council for Graduate Medical Education requirements. Therefore, we believe that ophthalmology is a good study domain from which to draw broadly applicable conclusions. Second, this study did not account for potentially important factors, such as procedures scheduled in real time, differences among individual trainees, and the specific length of time trainees spent with attending faculty physicians. Similarly, this study did not examine potentially important measures, such as patient satisfaction and clinical outcomes. Accounting for these factors and measures was beyond the scope of this study, but these factors merit further study. Third, appointment time was calculated using checkout and check-in times, which may have been inaccurate owing to staff delays. However, we have no reason to believe that trainee appointments would have systematic differences in accuracy of EHR time stamps compared with nontrainee appointments. Fourth, this study used billing code as a proxy for appointment complexity, but this metric is not perfect. At our institution, most patients are scheduled directly with faculty physicians rather than trainees, but we do not know in advance which patients will be seen by trainees. Nonetheless, we believe that trainees may tend to see more complex patients on average (eg, residents saw fewer patients with low billing levels [ Table 3 ]). Refining this proxy or investigating other measures of complexity for future studies may be desirable.
Conclusions
Overall, this study shows that the presence of trainees is associated with decreased clinical efficiency. This association has important implications for physicians at academic medical centers. Although academic medical centers receive graduate medical education payments from the Centers for Medicare & Medicaid Services, those payments are used to pay for residents rather than attending physicians, who are reimbursed at the same rate for outpatient examinations despite having additional educational responsibilities. Emerging value-based purchasing models, 8, 9 in which the cost of care is factored significantly into physician evaluation and reimbursement models, may create additional challenges for academic physicians based on these study findings.
We hope that these study findings will stimulate future work involving the association of medical education with clinical workflow, approaches to maximize clinical efficiency while maintaining high-quality teaching, and policy making discussions about optimal ways to evaluate and reimburse physicians in academic medical centers.
